Tissue approximation and repair are conventionally performed with sutures and staples, but these means are inherently traumatic. Tissue approximation using laser-responsive nanomaterials can lead to rapid tissue sealing and repair, and is an attractive alternative to existing clinical methods. Here, the use of laser-activated nanosealants (LANS) with gold nanorods (GNRs) embedded in silk fibroin polypeptide matrices is demonstrated. The adaptability of LANS for sealing soft tissues is demonstrated using two different modalities: insoluble thin films for internal, intestinal tissue repair, and semisoluble pastes for external repair, shown by skin repair in live mice. Laser repaired intestinal tissue held over seven times more fluid pressure than sutured intestine and also prevented bacterial leakage. Skin incisions in mice closed using LANS' showed indication of increased mechanical strength and faster repair compared to suturing. Laseractivated silk-GNR nanosealants rapidly seal soft-tissue tears and show high promise for tissue approximation and repair in trauma and routine surgery.
Introduction
In surgical tissue repair, sutures or staples physically approximate tissue discontinuities but can simultaneously cause tissue trauma and complications, including infection. [1] Alternatively, glues, sealants, and adhesives rely on chemical interaction with the tissue, often at slow polymerization rates. Many adhesives, including cyanoacrylate and fibrin glues, impart insufficient closure, demonstrate poor adhesion, [2] can be toxic, [3] and/or inhibit cell migration. [4] Laser-activated tissue repair is an alternative approach for tissue repair without sutures, staples, or polymerization. In this approach, laser light absorbed by a chromophore is converted to heat, which restructures tissue proteins [5] has been investigated as sutures [20] in tissue approximation and in diverse applications in tissue engineering. [21] Silk fibroin has been shown to elicit low immunogenicity and inflammatory response, [22] and to demonstrate robust mechanical properties. [23] Silk scaffolds possess high thermal stabilities [21] and degrade slowly in vivo, [24] which can be desirable for applications requiring tissue ingrowth [25] or sustained release. [22, 26] In this work, we developed silk-GNR nanosealants as flexible films and viscous pastes for laser-activated soft tissue approximation and repair. In cadaveric porcine intestine, these laseractivated nanosealants (LANS) rapidly seal incisions and prevent bacterial leakage, unlike clinically relevant standard suturing. LANS also repair skin incisions in live mice faster, with greater mechanical recovery, and with seemingly lower inflammation compared to conventional surgical sutures. These results indicate that LANS can replace sutures, glues, or staples in soft tissue surgery and have the potential to prevent complications including surgical site infection, sepsis, and dehiscence, [1, 27] ultimately leading to improved patient outcomes.
Results and Discussion
Nanosealant Generation and Characterization. Pristine silk (S), methanol-treated silk (mS), pristine silk-GNR (S-GNR), and methanol-treated silk-GNR (mS-GNR) nanosealants were formed as 10-mm diameter and ≈200 µm thick films by slow drying ( Figure 1A) . Aqueous dispersions of GNRs, 41.2 ± 7.1 nm length and 11.1 ± 1.6 nm width ( Figure 1B) , had a characteristic plasmonic resonance peak at 800 nm ( Figure 1C) , consistent with the aspect ratio. [28] S-GNR and mS-GNR nanosealants maintained similar absorbance behavior. Thermogravimetric analyses showed similar behavior for silk and GNR-containing silk films, indicating that presence of GNRs did not influence this behavior ( Figure S1 , Supporting Information).
Silk fibroin consists primarily of a repeating alanine-enriched motif (GAGAGX). [19b] The distribution of helix, β-sheet, and random coil conformations was characterized by FTIR spectroscopy (Figure 2A , resonance bands summarized in Table S1 , Supporting Information) and from alanine Cβ group signals in 1 H→ 13 C cross-polarization magic angle spinning (CP-MAS) solid-state nuclear magnetic resonance (NMR) spectroscopy ( Figure 2B ). [29] Degummed silk showed β-sheet domains [30] via amide I bands at 1698 and 1622 cm −1 (Figure 2A ), and spectrum deconvolution indicated 61.7% β-sheet conformation ( Figure 2C , and Figure S2 , Supporting Information). GNR doping had minimal effect on silk structure when comparing silk films and S-GNR nanosealants. Methanol treatment increased β-sheet conformation by ≈16% for the mS films and ≈24% for the mS-GNR nanosealants.
These protein conformations determine the nanosealant solubility and mechanical properties for tissue approximation applications. S-GNR nanosealants dissolved readily in saline ( Figure 2D -G) due to high random coil/α-helical content in the polypeptide. Conversely, mS-GNR nanosealants resisted dissolution ( Figure 2H) Figure 1 . A) Generation of silk-GNR nanosealants. Silkworm cocoons are degummed and purified. Pristine silk is aliquoted and dried, creating thin films which can be treated with methanol. Similarly, a GNR dispersion can be homogenized into the silk solution, and thin films can be slow dried and treated with methanol. B) TEM image of GNRs in aqueous dispersion. C) Absorbance spectra of GNR aqueous dispersions, pristine silk films, mS films, silk-GNR nanosealants, and mS-GNR nanosealants.
α-helices into crystalline β-sheets. [31] Leaching of GNRs from the films was negligible from mS-GNR films, which indicated their relatively high stability in wet environments over a relatively long period of time. The tensile strength and elongation break of S-GNR and mS-GNR nanosealants are shown in Figure S3 and Table S2 in the Supporting Information. The ability to tailor solubility and mechanical properties makes silk-based nanosealants attractive for either internal or superficial tissue repair. In particular, the aqueous insolubility of mS-GNR nanosealants made them attractive for laseractivated repair of intestinal tissue because surgeries occur in environments where tissue is flushed and kept hydrated. Alternatively, by adding a small amount of moisture to S-GNR nanosealants, the dry films dissolve into a semisolid viscous paste. These S-GNR nanosealants were used in skin repair.
Photothermal Response of Nanosealants. Temperature management is vital for mitigating thermal damage in laser-activated photothermal repair, and repair temperature determines tissue strength. [16, 32] The surface temperatures of S-GNR nanosealants irradiated at 800 nm with continuous-wave (CW) laser were imaged with an infrared (IR) camera (Figure 3A-E) . Nanosealant temperatures increased with laser power density, and Figure 2 . A) FTIR spectra of (a) degummed silkworm silk, (b) lyophilized silk, (c) slow-dried silk film and (d) further treated with methanol, and (e) slowdried silk-GNR and (f) further treated with methanol. After methanol annealing, the films increased in β-sheet content with the bands at 1698, 1622, and 1512 cm −1 enhanced. B) 1 H→ 13 C CP-MAS NMR spectra of (a) degummed silk, (b) GNR-silk film prepared by slow drying, and (c) further treated with methanol. The deconvolutions of alanine Cβ group were shown at the right side. The 13 C resonances at 17.1, 20.3, and 21.7 ppm were assigned to helical/random coil, ordered β-sheet, and disordered β-sheet conformations, respectively.
[29] C) Table showing the fraction of different conformations of silk materials from deconvolution of FTIR spectra. D) Nanosealant film integrity in saline. The top nanosealants are pristine S-GNR films, and the bottom are mS-GNR films. Films are dry. E-G) Saline solution was added to the surface of each nanosealant, and images were taken for 10 min. G) At 10 min, the intact mS-GNR films were dried. S-GNR films showed a large extent of dissolution at ten minutes, while mS-GNR nanosealants showed no integrity loss. H) GNR leaching from S-GNR and mS-GNR nanosealants as monitored by OD at 800 nm, indicative of GNRs.
temperatures rapidly approached an upper bound with exposure time ( Figure 3A) . Similar surface temperature of S-GNR nanosealants irradiated at 800 nm with pulsed-wave (PW) laser ( Figure S4 , Supporting Information) and ms-GNR nanosealants irradiated with an 800 nm CW laser ( Figure S5 , Supporting Information) were also observed following imaging with an IR camera. In all cases, the rapid heating shows that shorter laser exposures are needed for LANS compared to organic dyes. [33] One central drawback to conventional photothermal repair is peripheral heat damage to surrounding tissue, which can be exacerbated with longer durations of high temperatures. Silk-GNR nanosealants rapidly cool after laser treatment, suggesting that peripheral thermal damage can be minimized. [32] Protein interdigitation between the nanosealant and tissue may not adequately occur below 60 °C and may weaken above 65 °C, [34] although a wider range of nanosealant temperatures may be used for laser-activated sealing depending on heat loss effects and actual temperature of the tissue during sealing. [9] This optimal temperature range was reached at 1.6 W cm −2 CW laser, or at 2.4 W cm −2 PW for the nanosealants. However, at 3.2 W cm −2 CW, these temperatures were reached in just 4 s and subsequently exceeded, suggesting that higher laser powers can considerably shorten treatment times. As shown previously, [32, 35] greater pulsed laser powers are needed to reach the same temperatures as with CW laser because the nanosealant cools between pulses. By optimizing laser conditions and material parameters, treatment conditions can be optimized for effective tissue approximation and repair. Our recent work indicates that laser-activated tissue repair conditions limit cell death to the tissue underlying the immediate path of the laser. [9] Effective design of sealants and modulation of the laser is therefore critical to ensure minimal thermal damage to tissues. A) Photothermal response of S-GNR nanosealants upon irradiation with a CW laser. S-GNR nanosealants were irradiated for 2 min with 800-nm laser at power densities from 1.6 to 6.4 W cm −2 . Following approximately 2 min, the laser was turned off (red arrows indicate the approximate time at which the laser was turned off) which resulted in a rapid decrease in the surface temperature. The response of silk films without GNRs (S) to 6.4 W cm −2 laser is indicated by open triangles. In all cases, the temperature response was determined using images acquired by an IR camera. Curves are representative of n = 3 independent experiments. B) Image of the experimental setup with the NIR laser directed to the S-GNR nanosealant, while thermal data are recorded with an IR camera. C) Representative IR image of the nanosealant being irradiated with a laser beam. D) The surface temperature contour plot of the nanosealant from the IR image. Red dotted line is the approximate position of the S-GNR nanosealant. E) Tunability of photothermal response of S-GNR nanosealant following exposure to CW 800 nm laser for 90 s (power density: 2.4 W cm −2 ). The laser was turned on for 15 s followed and turned off for 5 s. This procedure was repeated for five cycles in order to demonstrate the tunability of the photothermal response of silk-GNR films.
During colorectal surgery, the tissue is kept moist and flushed often. To mimic a saline drip, saline was dropped onto the mS-GNR nanosealant surface. Laser irradiation generated minimal heat in S and mS films even at a high power, because silk by itself is not an NIR chromophore ( Figures S4 and S5 , Supporting Information). Silk-GNR nanosealants rapidly convert NIR light to heat in a power-dependent manner, and surface temperatures as high as 65 °C were reached within 5 s of laser exposure at powers as low as 2 W cm −2 . This fluence (10 J cm −2 ) is among the lowest fluences reported for an exogenous laser-activated tissue repair material to reach optimal tissue interdigitation temperatures. The temperature increased more rapidly in mS-GNR than S-GNR nanosealants likely due to water removal in the former by methanol.
The complex shear modulus (G*) of the nanosealants is important in load-bearing functions. Rheological behavior of mS-GRN nanosealants was determined before and after laser irradiation. A modest increase in the shear modulus was observed in silk-GNR films following laser irradiation under the conditions employed for tissue sealing. This is likely due to structural rearrangements in the silk following photothermal changes and we believe this enhancement in mechanical properties can likely facilitate efficacious repair following sealing of soft tissues. ( Figure S6 , Supporting Information).
Laser-Activated Methanol-Treated Silk-GNR Nanosealants in Ex Vivo Intestine Repair. Rapid wound closure is critical to advancing outcomes in surgery, [1, 36] limiting dehiscence and shortening the inflammatory period. Cadaveric pig intestines were incised and infused with dyed saline while recording burst pressure ( Figure 4A-D) , which is the pressure prior to failure when pressure drops sharply as the intestine rips open at the seal or needle insertion point, and is a clinically relevant indicator of the seal strength. [37] Seen in Figure 4E , fluid flowed freely across the unclosed incision (0.03 ± 0.07 psi). In contrast, intact intestine withstood up to 3.8 ± 1.1 psi. Incised intestine closed with interrupted or continuous sutures withstood very little pressure before bursting the suture line (0.2 ± 0.2 and 0.5 ± 0.3 psi, respectively). A clinically irrelevant number of eight continuous suture passes was needed to maintain a hydroseal with burst pressure similar to that of intact intestine (4.1 ± 0.7 psi). LANS (6.4 W cm −2 for 6 min) returned significant burst pressure, corresponding to temperatures between 65 and 72 °C. Burst pressures of intestine sealed with mS-GNR LANS (3.01 ± 0.7 psi) or collagen-GNR LANS [35] (2.8 ± 0.7 psi) were similar to that of the intact intestine and over seven times greater than those of clinical suturing. Although sutures physically approximate tissue well, they provide only a tenuous barrier to fluid flow which is broken by even very low fluid pressures. LANS, in contrast, can withstand much higher fluid pressures, similar to those of the native tissue.
LANS can also be used to reinforce suture lines. The mS-GNR nanosealant was centered over interrupted sutures and lasered (6.4 W cm −2 for 6 min). The sutured and LANS-sealed intestine held 3.7 ± 0.6 psi, similar to intact intestine. Use of LANS over the suture line significantly improves closure compared to sutures alone, indicating potential to reinforce suture lines in many surgical procedures. Burst pressures for laser power densities 4.8-6.4 W cm −2 were higher than those obtained with 4 W cm −2 , although significant differences were not seen above 4 W cm −2 ( Figure S6 , Supporting Information). In addition, laser irradiation for 4 or 6 min was more effective than irradiation for only 2 min. Higher laser powers (> 4 W cm −2 ) were required to achieve effective nanosealant temperatures and efficacies (burst pressures) with intestinal tissue than those seen in temperature profiles of the nanosealants alone, likely because of the heat loss effects associated with the wet intestinal tissue. However, the use of four interrupted sutures was not effective at providing a fluid-tight seal under the conditions employed. Burst pressure of native and welded intestine were compared at different infusion rates of 0.25 and 0.5 mL min −1 and were found to be fairly comparable for the two infusion rates at a given power density ( Figure S7 , Supporting Information).
Anastomotic leakage requires surgical intervention [38] ; preventing bacterial leakage from sealed colorectal tissue is critical to preventing patient morbidity. Bacteria were introduced into the intestine while suspended in a flask of LB (Luria-Bertani) broth ( Figure 4F -J, and Figure S8 , Supporting Information). The turbidity of the broth was monitored as an indicator of bacterial leakage from the lumen and subsequent growth. Intact intestine, ruptured intestine, and ruptured intestine sealed with an mS-GNR nanosealant at 6.4 W cm −2 for 6 min filled only with sterile broth (not containing bacteria) did not have any significant bacterial growth over the first 8-12 h. Growth then occurs rapidly until approximately 20 h and remains constant over the final 2-4 h. The rapid increase in turbidity after approximately 12 h even when no bacteria were introduced indicates the likelihood of existing bacteria being transferred to the media from the intestine tissue itself.
Intact intestine and LANS-sealed intestine filled with DH5-α E. coli showed similar growth profiles, with no growth for the first 12 h. The growth solution of ruptured intestine filled with bacteria, however, showed rapid bacterial growth. Ruptured intestine alone, ruptured intestine treated with laser alone at 6.4 W cm −2 for 6 min (no nanosealant), and ruptured intestine with an mS-GNR film applied over the incision (no laser) showed bacterial growth in the first hour, reaching local maxima at approximately 4 h. Early growth from unsealed intestines is due to leakage of the DH5-α from the intestinal lumen. Notably, bacterial leakage is not seen in the intact or sealed intestine containing DH5-α bacteria, showing that LANS prevented bacterial leakage from the lumen.
Cadaver porcine intestines were ruptured and sealed using mS-GNR nanosealants with laser. These sealed intestines showed more than sevenfold increase in sealing efficacy over clinically relevant suturing and prevented bacterial leakage from the intestinal lumen ( Figure 4 ). These results suggest that nanosealant-based laser sealing can result in rapid hydrosealing for various types of wounds, incisions, anastomoses, or ligations in surgery. In addition to intestine, these results are especially promising for other tissue and surgery models where sutures do not provide a rapid hydroseal. While many adhesives, glues, or sealants fail to adhere or polymerize in wet conditions, these LANS may have application in internal surgical procedures as an alternative to sutures or staples.
Skin Repair in Live Mice using Laser-Activated Silk-GNR Nanosealants. Dorsal skin incisions on BALB/c mice ( Figure 5A-C) were closed by S-GNR nanosealants irradiated at 4.8 W cm −2 ( Figure 5C ). Sterile saline was dropped into the wound, and an S-GNR nanosealant film was placed over the moist incision, dissolving the nanosealant into a viscous paste over the incision line. The wound edges were approximated, and the laser was run along the incision at 0.5 mm s −1 for 2 min, resulting in temperatures between 50 and 65 °C ( Figure S9 , Supporting Information). Incisions were alternatively closed by interrupted sutures or skin glue (Vetbond) with a single stay suture ( Figure 5A, B, respectively) .
The wound edges of sutured skin were not rejoined ( Figure 5G ,J, and Figure S10 this strength is likely due to physical approximation by adherent wound exudate removed or dissolved in the fixation process. The epidermis and dermis were separated by a large number of neutrophils, cellular debris, and fibrin, while the adipose tissue and muscularis had moderate numbers of neutrophils. Skin closed by the commercial glue + a stay suture resulted in similar strength after 2 d ( Figure S11 , Supporting Information), though the wound margins were connected with few spindloid cells and minimal collagen at subcutis ( Figure 5H ,K, and Figure S10 (i),(ii), Supporting Information). The epidermis and dermis were separated with large numbers of neutrophils, cellular debris, and fibrin, and the overlying glue was separate from the epidermis with large numbers of neutrophils and cell debris, while the B) Incision edges are approximated, and an mS-GNR nanosealant is placed over the incision. C) The incision is sealed using NIR laser at 6.4 W cm −2 for 6 min. D) The intestine is infused with dyed saline to dilate the intestine until rupture. E) Burst pressures were determined for ruptured, sutured (Su), laser-sealed (L), sutured + laser-sealed, and intact intestine. Burst pressure measurements of native porcine tissue, incised intestine sealed for 6 min at 6.4 W cm −2 , incised tissue without sealing, and incised tissue closed by interrupted or continuous sutures, where n = 6. Alternatively, no incision was made, and the intact intestine bursting pressure was determined, dilating as the tissue was filled with liquid. F) Bacterial leakage from the intestinal lumen and subsequent growth. The OD of the absorbance at 600 nm light of solutions of LB broth are recorded over 24 h during incubation at 37 °C and 150 rpm (full 24 h profile in Figure S8 , Supporting Information). G) Intestinal sections are partially immersed in the broth solution, where the white diamonds are no intestine, white circles are ruptured intestine, white squares are intact intestine, and H) white triangles are sealed intestine with mS-GNR films at 6.4 W cm −2 for 6 min. Blue data sets represent ruptured intestine filled with a DH5-α E. coli bacteria solution and immersed in the LB broth. I) Ruptured intestine alone (blue squares), J) ruptured intestine and laser treatment (blue circles), and ruptured intestine where the incision is covered by a silk-GNR nanosealant (blue diamonds).
dermis contained fewer neutrophils. The skin glue elicits a lesser inflammatory response in the dermis than the silk sutures but elicits a qualitatively greater response in the epidermis. We had to use a stay suture with the skin glue group in our studies.
Laser-activated S-GNR paste significantly increased skin strength (34.6 ± 4.3 kPa) after 2 d ( Figure 5M ). The epidermis and dermis are separated with fewer neutrophils, cellular debris, and fibrin than sutured or glued skin, and the overlying nanosealant material is separated from the epidermis with lower numbers of neutrophils and cellular debris than in sutured or glued skin ( Figure 5I , L, and Figure S10 (i), (ii), Supporting Information). The dermis and the adipose tissue also have smaller numbers of scattered neutrophils. These results indicate that the LANS-repaired skin likely elicits a lower inflammatory response while simultaneously enhancing the mechanical recovery better than suturing or gluing skin after 2 d. Eventually, a porcine model will be needed to study healing in the absence of skin contractile forces that are present in murine skin and to study scarring results for translation to human skin. The resilience of the incised skin closed by these three methods indicates that failure occurred in a similar manner for each ( Figure 5N and Figure S11 , Supporting Information).
After 4 d, the wound margins appeared qualitatively less defined in the sutured and LANS-sealed skin than the glued skin (Figure 6A-C) . Additionally, glue caused the incision site to become rigid and brittle, which did not occur after lasering the S-GNR paste nanosealant. Only partial-thickness continuity was shown by skin glue treatment after 4 d, while the sutured and laser-sealed skin samples show full-thickness tissue continuity ( Figure 6G-I therefore the earlier time points (i.e., day 2) are of key significance in determining the efficacy of the repair approach.
The incision disruption in the epidermis of sutured skin ( Figure 6G ) was overlain with fibrin clot, neutrophils, and cellular debris. In the dermis, subacute inflammation was evidenced by infiltration of large numbers of neutrophils and macrophages and lower numbers of lymphocytes, edema, and fibrin deposition. The skin closed with glue and a stay suture was mildly connected with few spindloid cells and minimal collagen ( Figure 6H ). The overlying glue partially adhered to the epidermis, with neutrophils and cell debris. The epidermis of the incision margins was not fused. The dermis contained small numbers of neutrophils.
The skin closed via S-GNR paste LANS ( Figure 6I ) showed marked subacute inflammation in the dermis. The disruption at the epidermis, however, was significantly smaller than sutured or glued skin, suggesting more rapid re-epithelization and healing. The amount of exudate surrounding the wound was also reduced, indicating less inflammation or an advanced stage of healing. Overall, laser tissue repair with silk-GNR nanosealants increased the rate and extent of regeneration of the epidermis with lowered inflammation. Similar results were found in C57Bl6 mice, which were used to investigate a different strain in this study ( Figure S12 , Supporting Information).
Conclusions
We generated silk-GNR nanosealants as thin films, and employed methanol treatment in order to modulate their solubility in aqueous solutions and mechanical properties. Increase in β-sheet content following methanol treatment resulted in silk (mS) and silk-GNR films (mS-GNR) that were insoluble in water, making them useful in for sealing tissues under wet conditions. Conversely, as prepared silk (pS) and s-GNR nanosealant films had low β-sheet content, were soluble in water, and were useful for the immediate sealing of relatively dry tissues (e.g., skin). These treatments serve to modulate nanosealant properties for application in wet environments (e.g., intestinal tissue) or relatively dry tissue (e.g., skin). Insoluble silk-GNR sealants efficiently convert NIR light to heat, providing a rapid hydroseal in cadaveric intestines that holds sevenfold fluid pressure to sutures and prevents bacterial leakage. Soluble silk-GNR sealant pastes also effectively convert laser light to heat and close skin incisions more rapidly and with less inflammation than clinical suturing or skin glue. Silk-GNR nanosealant closed murine skin incisions in vivo, with a ≈40% increase in skin tensile strength over sutured skin 2 d post surgery. The LANS approach also increased the rate of regeneration of the disrupted epidermis. This work shows that advances in exogenous chromophores, tissue-integrating nanomaterials, and heat management make laser-activated tissue repair a viable platform technology for ubiquitous use in medicine and surgery. The performance of these nanosealants can lead to next generation photosensitizing materials in tissue repair and regeneration. Developments in multiwavelength absorption, adhesive chemistry, drug loading and release, and photochemical bonding will further drive advances in laser-activated tissue repair.
Experimental Section
Materials: Cetyltrimethylammonium bromide (CTAB) was purchased from BP Chemicals (Santa Ana, CA). NaBH 4 , HAuCl 4 •3(H 2 O), AgNO 3 , and L-ascorbic acid were purchased from Sigma-Aldrich (St. Louis, MO). Nanopure water was obtained from a Millipore filtration system (Darmstadt, Germany) with 18.2 MΩ-cm resistivity. Cadaver porcine small intestine was purchased from Animal Technologies, Inc. (Tyler, TX). To maintain reagent integrity: HAuCl 4 ·3H 2 O was kept at 0 °C; NaBH 4 and AgNO 3 solids were stored under vacuum; HAuCl 4 and AgNO 3 solutions were kept at 4 °C; and CTAB solutions were maintained at 27 °C. Other reagents were maintained at room temperature.
Cocoon Degumming and Aqueous Silk Solution Preparation: Bombyx mori silk cocoons from lab-cultivated larvae were degummed [39] to extract aqueous silk with a broad spectrum of molecular weight averaging 100 kDa. In brief, cocoons were cut into small pieces and washed in deionized water. The cocoons were boiled in a solution of 0.5 wt% Na 2 CO 3 and 1 wt% Marseille soap for 30 min, washed with distilled water three times, and vacuum-dried at room temperature. Degummed silk fibers (2 g) were dissolved in 10 mL of 9.4m lithium bromide (LiBr) at 60 °C for 4 h, centrifuged to separate insoluble contents, and dialyzed for 72 h at 4 °C against a 3.5 kDa membrane to remove LiBr and impurities. Dialysate water was changed daily. The silk was centrifuged at 14000 rpm for 30 min to remove remaining impurities. The solution was then stored at 4 °C until use.
Gold Nanorod Synthesis: GNRs were prepared via a seedless growth method. [40] Briefly, 5 mL of 1 × 10 −3 m HAuCl 4 were added to 5 mL of 0.2 m CTAB and 8 µL of 12.1 m HCl (37% w/w). AgNO 3 (200 µL) was then added. Freshly-dissolved ascorbic acid (70 µL, 78.8 × 10 −3 m) was added, and the solution was carefully mixed until turning colorless. Cold NaBH 4 (15 µL, 10 × 10 −3 m) was then added immediately. The solution was incubated at 25 °C for 6 h, and the GNRs were centrifuged at 14000 rpm for 30 min. The supernatant was discarded, the pellet was dispersed in nanopure water and centrifuged again for 30 min at 14000 rpm. The supernatant was discarded, and the pellet was dispersed in nanopure water to the desired concentration.
Formation of Silk-GNR Nanosealants: To prepare silk-GNR nanosealant films, the concentrated GNR dispersion (1 wt% GNRs) was added to 1 mL of the 6 wt% purified silk solution and mixed until homogenous at 4 °C. Approximately 100 µL of the nanosealant mixture was poured into 1 cm diameter petri dishes and dried overnight at room temperature. In some cases, these nanosealants were immersed in a small volume of methanol for 24 h and left to air dry for 24 h. This methanol treatment rendered the nanosealants insoluble in water. [31] Four silk films were used in this study: PS, S-GNR, mS films, and mS-GNR, shown in Figure 1A .
Nanoparticle Leaching, Film Solubility, and Mechanical Characterization: The films were placed in scintillation vials with 10 mL of phosphate-buffered saline (PBS). For up to 6 months, 100 µL samples of the supernatant were tested with a Synergy 2 Multi-Mode Reader (BioTek Instruments; Winooski, VT) for absorbance at 800 nm as an indication of GNR content leached from the solid-phase nanosealants into the supernatant. To measure mechanical strength, the silk films were patched on a paper frame and mounted on an ElectroPuls E3000 (Instron, Norwood, MA). The samples were tested at a crosshead speed of 2 mm min −1 . Ultimate tensile strength was defined as the maximum stress, and the elongation to failure was the final point before a > 10% decrease in load. An AR-G2 rheometer (TA Instruments) was used to investigate the mechanical properties of the nanosealant using an 8 mm diameter parallel plate configuration. The samples were loaded between the plates, which were brought into close proximity with the sample at a normal force below 0.1 N. The samples remained on the Peltier plate for at least 5 min to exclude any time-dependent relaxation. Samples were tested using a dynamic frequency sweep from 1 to 40 rad s −1 angular frequency at 25 °C and a controlled strain amplitude of 0.05. Nanosealants were also tested by temperature sweep from 25 to 85 °C at a rate of 5°C min −1 at a fixed angular frequency of 20 rad s −1 and strain amplitude of 0.05. The elastic storage modulus (G′) and the viscous loss modulus (G′′) were used to calculate the complex shear modulus, |G*| = (G′ 2 + G′′ 2 ) 0.5 .
All values are displayed as mean ± one standard deviation from two independent experiments with different films used in each case.
Transmission Electron Microscopy (TEM): GNRs were concentrated tenfold by centrifugation. A copper-coated carbon grid was dipped in the nanorods and dried three times and then desiccated. TEM images were taken on a Philips CM200-FEG high resolution TEM at 200 kV and were analyzed using ImageJ. The dimensions of 300 nanostructures were measured for reported values.
FTIR and Solid-State NMR Spectroscopy: FTIR spectra were collected on a Bruker IFS66V/S FTIR/FT-Raman spectrometer with a diamond ATR (Pike Tech.). Spectra were collected at a resolution of 4 cm −1 with a wideband MCT detector, KBr beam splitter, and 16 scans. The peaks were assigned according to the literature [30b,41] and the deconvolution was performed for amide I using Matlab. The details of the deconvolution can be found in the Supporting Information. Solid-state NMR spectra were collected on a Varian VNMRS 400 MHz spectrometer equipped with 1.6 mm triple-resonance MAS probe operating in triple resonance mode ( 1 H/ 13 C/ 15 N). 1 H-13 C cross-polarization magic-angle-spinning (CP-MAS) NMR experiments were done at a spinning speed of 20 kHz. The CP condition for 1 H-13 C CP-MAS NMR experiments consisted of a 1.85 µs 1 H π/2 pulse, followed by a 1.0 ms ramped (10%) 1 H spin-lock pulse with a radio frequency (rf) field strength of 97 kHz at the ramp maximum. Experiments were performed with a 25 kHz sweep width, a 3 s recycle delay, and a two-pulse phase-modulated 1 H decoupling level of 135 kHz. 24 576 scans were applied for all samples. The 13 C resonances were assigned according to the literature [42] and deconvolution was performed for alanine Cβ group. For deconvolution, the 13 C resonances at 17.1, 20.3, and 21.7 ppm were assigned to helical/random coil conformation, ordered β-sheet and disordered β-sheet, respectively.
Photothermal Response of Laser-Activated Silk-Gold Nanorod Nanosealants: Nanosealant response to NIR light was investigated to determine photothermal conversion and optimal treatment conditions. A Millenia titanium sapphire laser pumped by a solid-state laser (SpectraPhysics; Irvine, CA) with a 1.5 mm diameter spot size at 800 nm wavelength was configured as CW or PW with 130 fs pulses at 12.5 ns intervals. The laser power output varied from 0.8 to 6.4 W cm −2 , measured by a power meter. Silk films (S-GNR) were placed on glass slides and irradiated at the nanosealant center for 120 s, followed by no laser exposure for 60 s to allow for cooling. An A325sc infrared camera (FLIR; Nashua, NH) captured top-down images of the nanosealant surface. IR images recorded at 1-s intervals measured surface temperatures across the nanosealant. Similar response was also recorded for mS-GNR films ( Figure S5 , Supporting Information). The IR images were analyzed to determine the maximum surface temperature at the center of the laser exposure area. Films are sufficiently thin to assume that the surface temperature is very similar to the superficial tissue temperature directly below.
Cadaveric Porcine Intestine Incision Model: Porcine intestines were cut to sections 8 cm in length and kept moist with saline. 8-mm-long incisions were made through one intestinal wall. Incision edges were approximated, and a silk-GNR nanosealant was centered over the incision and irradiated with 800-nm laser, ranging from 0.8 to 6.4 W cm −2 for 2-6 min. The laser was oriented at one end of the 10-mm incision, and, at a speed of approximately 0.5 mm s −1 , was moved back and forth along the incision line during the treatment. Alternatively, intestinal incisions were closed by suturing, using 4-0 PDS* Plus suture (Ethicon; Somerville, NJ), by closing the incision with four interrupted sutures or continuous suturing with four or eight passes through the intestine. In another group, incised intestine was sutured with four passes of continuous suture, and a nanosealant was placed over the sutured incision and sealed to reinforce the suture line. Finally, collagen-GNR compressed hydrogels, generated using previously described methods, [35] were also used to seal incised intestine for comparison.
After laser sealing, the intestine was infused with saline until bursting to assess closure patency. A DPI 795 digital manometer (Druck), connected in series to a syringe pump, recorded the burst pressure, defined as the maximum pressure reached which is typically accompanied by rupture of the tissue and sharp loss in pressure. The syringe pump purged the line for roughly 1 min, at which point the pressure was constant and zeroed using the manometer prior to being inserted into the intestine. The intestine section was clamped at both ends and filled with saline dyed with green food coloring at a flow rate of 0.25 or 0.50 mL min −1 .
Intestine was cut into 15-cm-long segments with laser repair performed as described. Intact, incised, and incised and sealed intestine sections were suspended in 250 mL flasks, with the intestine ends held at the top of the flask and the center of the intestine immersed in 200 mL of fresh LB broth. The intestine sections were filled with 10 mL of fresh LB broth or broth containing DH5-α E. coli at an optical density (OD) of 0.5 absorbance units (au). The flasks were incubated at 37 °C and 150 rpm, measuring the turbidity of the LB Broth for 24 h as an indirect measure of bacterial growth. LB broth was first inoculated with ampicillin, and the porcine intestines were thawed and immediately rinsed in 5% bleach three times and once in nanopure water to minimize the viable bacteria already present in the intestine.
Murine Dorsal Skin Incision Model: BALB/c mice and C57BL/6 mice (8-12 weeks) (Charles River Laboratories, Wilmington, MA, USA) were used with approximately equal numbers of male and female mice in a dorsal skin incision model in strict accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. Animal procedures were approved by the Arizona State University Institutional Animal Care and Use Committee (protocol 15-1428R) and conducted according to relevant national and international guidelines. Prior to surgery, each animal was anesthetized with 120 mg kg −1 ketamine and 6 mg kg −1 xylazine by intraperitoneal injection. The back was shaved and prepped using chlorhexidine gluconate and alcohol. Two 1-cm, full-thickness skin incisions side-by-side on the back of each animal were spaced 1 cm apart. A small volume of PBS was injected into the wound, and the opposing wound edges were approximated with forceps. Incisions were closed using a S-GNR nanosealant, four knots of simple interrupted silk 6-0 suture, (Ethicon) or a commercial skin glue (Vetbond, 3M) with a stay suture. A 1.2 × 0.5 cm S-GNR nanosealant was applied over the incision, which quickly dissolved into a viscous paste due to the underlying moisture. The laser was scanned across the nanosealant-covered incision at a rate of 0.5 mm s −1 for 2 min at 4.8 W cm −2 and an angle between 60° and 80° from the skin, corresponding to nanosealant temperatures not exceeding 80 °C and underlying skin temperatures estimated at 60 °C ( Figure S9 , Supporting Information). For comparison, the left incision on each mouse was commercially sutured, and the right incision was laser sealed. The mice were recovered on a heating pad until fully mobile. The mice were housed individually to prevent suture or nanosealant removal. Skin was assessed 2 or 4 d after surgery. Mice were euthanized by CO 2 inhalation and cervical dislocation. Following euthanasia, rectangular sections of the wound area (2 × 1 cm, measured by calipers after underlying fascia removal) were excised. Sutures were removed to measure the strength of the healed tissue alone. Skin samples were stretched under tension until failure at a rate of 2 mm s −1 using a TA.XTPlus (Texture Technologies Corp., Hamilton, MA). Tensile strength was defined as the peak stress. Resilience was calculated as the area under the stress-strain curve.
Samples for histological analyses were fixed in 10% neutral buffered formalin, processed and embedded in paraffin, cut into 4-mm-thick sections, and subsequently stained with hematoxylin and eosin (H&E) or Masson's trichrome. A board-certified veterinary pathologist, initially blinded to sample source, read and analyzed the slides for evidence of healing, inflammation, and collagen incorporation; the pathologist subsequently participated in discussions on interpreting the results from the different samples.
Statistical analyses: The repeated measures of one-way ANOVA are used to assess statistical significance.
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